For most patients with type 1 diabetes, the worst part of the disease is to tolerate needle after needle, both for glucose measurement and to deliver insulin. In the last two decades, concept of insulin therapy by multiple-dose injection has undergone a miraculous change. Needle-free insulin delivery appeared to be a wonderful approach, and its allure rested in being comfortable and safe. In today's era, insulin delivery by alternative route is a topic of current interest in the design of drug delivery system. Major global pharmaceutical companies are showing encouraging progress in their attempts to develop alternative insulin delivery technologies. Many such drug delivery systems have been developed for oral, buccal and nasal route. This review article discusses, in brief, the novel and emerging technologies that are in pipeline, including insulin inhalers, insulin spray, insulin pill, insulin analogues, insulin complement, islet cell transplant, implantable insulin pumps and guardian continuous glucose monitoring system.
Diabetes is a major public-health problem and is emerging as a pandemic. As estimated, 135 million people worldwide had diagnosed diabetes in 1995, and this number is expected to rise to at least 300 million by 2025 1 . Diabetes mellitus represents a group of diseases of heterogeneous etiology, characterized by chronic hyperglycemia and other metabolic abnormalities. The etiological classification of diabetes includes type 1, type 2, those due to specific mechanisms or diseases, and gestational diabetes. Diabetes mellitus type 1 is characterized by destructive lesions of pancreatic β cells by an auto-immune mechanism. Type 2 diabetes is characterized by a combination of decreased insulin secretion and sensitivity 2 . Attempts to attain strict glucose control when managing diabetes have traditionally utilized daily subcutaneous injections of human insulin. This strategy has offered improvements in glycemic control but is unable to replicate fully the normal, diurnal plasma profile of endogenous insulin 3 . The development of novel noninvasive routes of insulin administration promises to further improve diabetes management. Many barriers to initiate insulin therapy include need for frequent insulin injection, fears that insulin injections will be painful and difficult to administer, concerns about hypoglycemia and weight gain. Thus, each measure that reduces these barriers will help to prevent inappropriate delays in starting insulin therapy as well as to promote better compliance with therapy 4 .
New developments are happening all the time, and the new technologies, some of which are under development and some which are developed to hit the market, are insulin inhalers, insulin spray, insulin pill, insulin analogues, insulin complement, islet cell transplant, implantable insulin pumps and guardian continuous glucose monitoring system.
NEW TECHNOLOGIES FOR INSULIN DELIVERY Insulin inhalers:
Inhaled insulin appears to be a non-invasive, welltolerated and liked modality of treatment with potential for both type 1 and 2 diabetes 5 . Results of short-term studies indicate that glycemic control achieved with an inhaled insulin regimen is comparable with a subcutaneous insulin regimen in patients with type 1 6 and type 2 7 diabetes. It has been determined in patients with type 1 diabetes that improvement in overall patient satisfaction with inhaled insulin is rapid and sustainable compared with conventional subcutaneous insulin, and the reduced treatment burden has a positive impact on psychological well-being 8 . Inhaled insulin greatly enhances patient satisfaction, quality of life and acceptance of intensive insulin therapy in a diabetic patient 9, 10 . Several drug Among all the above, the most studied one is Exubera. All the products are at least several years away from government approval and marketing but are suggesting that insulin can be delivered through the lungs.
Hallschmid reported that after intranasal administration, insulin enters the cerebrospinal fluid compartment and alters brain function. Insulin acts in CNS to reduce food intake and body weight and is considered a major adiposity signal in men 13 . Studies conducted by Harrison on 38 individuals suggest that intranasal insulin administration is safe as it not accelerate loss of β-cell function in individuals at risk of type 1 diabetes and induces immune changes consistent with mucosal tolerance to insulin. This finding justifies that intranasal insulin is immunotherapeutic and retards progression to clinical diabetes 14 .
Insulin spray:
The buccal route is another promising alternative for insulin delivery. With the buccal area having an abundant blood supply, it offers some advantages such as a means to deliver the acid labile insulin, and elimination of insulin destruction by first pass metabolism 15 . The buccal spray formulation being developed by Generex Biotechnology, based in Toronto, delivers insulin to the buccal cavity as a fine spray using company's 'rapidmist' device. The company's leading product is Oralin. It is currently in phase II B clinical trial (www.newsrx.com; 18 Jan. 2005). The patient does not inhale with the buccal spray device; instead, the drug is sprayed onto the buccal mucosa. The high-speed spray allows the drug to be rapidly absorbed into the bloodstream. The deposition of the drug onto the buccal mucosa also allows the developers to bypass earlier concerns about any risks to lung tissue that have been raised regarding investigative inhaled insulin formulation (www.newsrx.com; 18 Jan. 2005).
Insulin pill:
To adequately control postprandial glycemia, several daily injections of insulin are necessary. However, insulin therapy via subcutaneous or other parenteral route is known to result in peripheral hyperinsulinemia. In addition to the risk of hypoglycaemia, some studies have suggested that peripheral hyperinsulinemia may be associated with coronary artery disease, hypertension, dyslipidemia and weight gain 16 . There is strong evidence suggesting that an oral insulin product would provide insulin in a more physiological manner, with a resultant decrease in peripheral insulin concentration and that it would more adequately insulinize the liver 17, 18 .
Azopolymer coated pellets to deliver insulin to the colon region were studied earlier. The azopolymer protects the entrapped therapeutic agent till the pellets reach the colon. As only the bacteria inhabiting the colon secrete enzymes that can breakdown the azopolymer, insulin release will be initiated once the pellets reach the large intestine 19 . Microencapsulation of insulin in polymeric microspheres coated with pH responsive polymers such as alginate is also known. Alginate coating protects the spheres in the acidic pH of the stomach but dissolves in the intestine where the pH increases to above 7 and liberates the entrapped insulin 20 . Recently several biotech companies have been conducting pilot trials in the effort to develop an insulin pill as a potential alternative to injected or pumped insulin. The attempt requires the development of novel delivery technology. For example, Nobex Corporation has developed hexyl-insulin monoconjugate 2 (HIM-2) in which single amphiphilic oligimer is covalently linked to the free amino group on the Lys-β 29 residues of recombinant human insulin via an amide bond. This alters the physical-chemical characteristics, leading to enhanced stability and resistance to intestinal degradation of ingested insulin 21 . Oral HIM-2 is safe 22 and reproduces the physiological pathway of insulin secreted by pancreas 23 . Also Depomed, Inc. is developing oral medications using its Gastric Retention (GR) system, an advanced polymer-based, oral drug delivery formulation. Initially small enough to be easily swallowed by the patients, the pill swells following its ingestion. Simultaneously, the system begins a period of extended drug release. This sustained delivery could some day lead to an insulin pill that provides steady release into the bloodstream, minimizing the number of doses required per day (www.newsrx.com; 18 Jan. 2005).
Insulin analogues:
Traditional insulin preparations such as NPH (Neutral Protamine Hagedom) insulin have duration of action 14 h and plasma insulin peak level 4-6 h after administration 24 . As a consequence, NPH insulin may need to be administered up to three times daily in type 1 diabetic patients to provide sufficient insulin supply throughout the day 25 . Multiple dosing regimens are less optimal in terms of adherence, flexibility and choice for the patients to adapt treatment to their individual lifestyle 24 . 27 . Glargine-treated patients experienced significantly less weight gain than those treated with NPH insulin 26 , which had a lower risk of nocturnal hypoglycemia 28, 29 and was well tolerated, whether it is injected once daily before breakfast, dinner or at bedtime in Type 1 diabetic patients 30 . Similarly, Aspart is also now well established as an effective and convenient means of providing glycaemic control 27 . In the study done by Radermecke and Scheen, it was found that rapidly absorbed insulin analogues, such as insulin Lispro or Insulin aspart, may offer an advantage over regular human insulin for insulin pumps. Continuous subcutaneous insulin infusion with insulin lispro provided a better control of postprandial hyperglycaemia and a slightly but significantly lower glycated haemoglobin level, with lower daily insulin requirement and similar or even less hypoglycemia or ketoacidosis in diabetic patients 31 .
Very recently, one or more analogue insulin Glusidine 
Insulin complement:
Apart from the new insulin, one new drug, Symylin, is ready to be launched by Amylin Pharma, San Diego. Symylin is a synthetic version of the human hormone amylin, which moderates the glucose lowering effect of insulin. Symylin has been designed to complement insulin action and has been shown to reduce blood glucose 
Islet cell transplant:
In contrast to conventional insulin treatment, islet transplantation is far superior for achieving a constant normoglycaemic state and avoiding hypoglycaemic episodes. Using a novel protocol established by the Edmonton Centre, Canada, the insulin dependence rates have improved, reaching 50-80% level 33 . Thus, islet transplantation typically offers stabilization of blood glucose control and elimination of problematic hypoglycaemia [34] [35] [36] and is being increasingly used worldwide [37] [38] [39] . The development of the Edmonton protocol dramatically transformed clinical outcomes in islet transplantation in recent years through the introduction of a more potent, less diabetogenic corticosteroid for immunosuppressive regimen consisting of sirolimus, low dose tacrolimus and induction anti-interleukin-2 receptor antibody. While insulin independence rates under this protocol have been highly successful, patients must be maintained on lifelong immunosuppression 40 . Clinical studies confirmed the efficacy of the Edmonton immunosuppressive regimen and indicate that insulin independence can often be achieved by a single transplant of sufficient islet mass 41 . Procedure for islet transplantation involves enzymatic digestion of the pancreatic tissue, purification of the islets from exocrine tissue infusion of the islets into the portal vein and implantation in the liver 42 . The percutaneous transhepatic approach for the implantation of islet cells into the portal vein is a safe procedure and together with the use of current cell separation techniques and an immunosuppressive regimen, offers a marked advance in the type 1 diabetes mellitus treatment 43 . For islet transplants to become a widespread clinical reality, diabetes reversal must be achieved with a single donor to reduce risks and cost and increase the availability of transplantation. Researchers in their study find out that tested transplant protocol restored insulin independence and protected against hypoglycemia after single donor, marginal-dose islet transplantation. These findings may have implications for ongoing transition of islet transplantation from clinical investigation to routine clinical care 44 . There is a spectrum of outcomes after islet transplantation. For measuring clinical success after an islet transplant, which includes insulin independence or the need for insulin, glucose control, and graft survival, scientists have developed a β-score. β-score provides integrated measure of β-cell function after islet transplantation using this parameters 45 .
An alternate strategy to immunosuppression and immune tolerance is immuno-isolation. Here the technological goal being pursued is encapsulation of islet cells in microcapsules with semipermeable membrane that permits access to nutrient and oxygen but are impermeable to cells and products of the immune system. A review article discusses the latest advancement in use of biocompatible, nonporous silicone membrane as a tool to deliver living cells. This article describes the development of a novel technology using living cells, preferably pancreatic islet cells, to treat diabetes using micro-fabricated immunoisolating biocapsule (Silicone). This approach may permit human islet transplantation without immunosuppression 46 .
An approach to prevent autoimmune diabetic recurrence after islet transplantation is the use of novel antiinflammatory agent lisofylline. Study done by Yang in protected non-obese diabetic (NOD) mice demonstrates that autoimmune diabetes recurrence after islet transplantation could be prevented by treatment with lisofylline. Lisofylline and its analogues may have the potential to prevent islet autoimmune destruction in clinical transplantation 47 . Thus islet cell transplantation offers the advantage of being performed as a minimally invasive procedure, in which islets can be perfused percutaneously into the liver via the portal vein. Finally, the concept of islet cell or stem cell transplantation is most attractive since it offers many perspectives 33 .
Implantable insulin pumps:
Continuous improvements in microelectronics, as well as in the development of biomaterials and stable insulin solutions, have led to the availability of implantable pumps able to infuse insulin by the peritoneal route, in a continuous and programmable way, for several years 48 .
The Medtronic/Minimed 2007 system may offer treatment advantages for diabetic patients who have difficulty in maintaining consistent glycaemic control. This system delivers insulin into the peritoneal cavity in short, frequent burst or ''pulses'' similar to how pancreatic β cells secrete insulin. This system is placed external to the rectus muscle. Current model has eight years battery life expectancy. The system's reservoir is refilled with fresh insulin every two or three months. Different insulin delivery algorithms used in implantable pumps automatically infuse more basal insulin during 'dawn phenomenon,' compensating the increasing need for insulin during this period. This system is limited in the USA for investigational use only (www. Minimed.com; 15 Feb. 2005).
The human insulin used in implantable pumps, regardless of how long it had remained in the pump reservoir, did not induce macrophage activation in diabetic patients treated through intraperitoneal insulin delivery 49 . Improved implantable pumps and insulin solutions show both long-term safety and effectiveness of this treatment in type 1 diabetic patients, following improvement in infused insulin solutions and catheter 50 .
Transdermal patch:
Ozin and Landskron announced recently that they had created an unusual material using manmade molecules called dendrimers. It can store drugs and, when spread on the skin as a film, allow them to dissipate into a patient's bloodstream like a new type of patch. The problem with current drug delivery systems is that it is either injected in such a manner that acquires too high concentration to ensure that it stays in the system but can be toxic, or it is injected too little into a person such that it is not effective. The new material, Periodic Mesophorus Dendrisillicus (PMD) would let drugs seep through a person's skin in just the right amount and stay at that level (www.Defeatdiabetes.org; 3 Mar. 2005).
Three-dimensional model of insulin receptor:
Scientists have created a three-dimensional model of insulin receptor to help in designing molecules to treat diabetic patients by oral delivery. A research team, comprising seven scientists, has reported that newly developed molecules mimicking insulin can bind to the patient's insulin receptors. The scientists have successfully constructed a complex of insulin-insulin receptor using Electron Cryomicroscopy (EM) 51 .
Glucose monitoring device:
Medtronic Inc. got USFDA approval on February 11, 2004 for Guardian continuous glucose monitoring system. It is an external system that warns patients of unusual blood sugar level by sounding an alarm (www.Medtronic.com; 6 Mar. 2005).
CONCLUSIONS
The development of technologies in the last decade have brought to limelight the strategies that hold some promise in turning non-injectable insulin delivery from theory to reality. However, further elaborate investigations in humans are required. The approaches that seem to hold potential must be consolidated and converted to a working protocol. Among the various alternative delivery systems, each have their own set of favourable and unfavourable properties. Some unfavourable aspects have to be circumvented to make this alternative insulin delivery system a reality and make them to reach the market.
